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Simple Summary: Signal transducer and activator of transcription 3 (STAT3) plays a critical role in
the development and progression of non-small cell lung cancer (NSCLC) tumors. Several reports
suggest that STAT3 is involved in immunosuppression and the promotion of resistance to immune
checkpoint inhibitors. In this review, we discuss the potential therapeutic strategy of combining
STAT3 inhibition with immune checkpoint inhibitors to overcome drug resistance and enhance their
efficacy in NSCLC.

Abstract: Despite recent therapeutic advances, non-small cell lung cancer (NSCLC) remains the
leading cause of cancer-related death. Signal transducer and activator of transcription 3 (STAT3) is a
transcription factor (TF) with multiple tumor-promoting effects in NSCLC, including proliferation,
anti-apoptosis, angiogenesis, invasion, metastasis, immunosuppression, and drug resistance. Recent
studies suggest that STAT3 activation contributes to resistance to immune checkpoint inhibitors.
Thus, STAT3 represents an attractive target whose pharmacological modulation in NSCLC may assist
in enhancing the efficacy of or overcoming resistance to immune checkpoint inhibitors. In this review,
we discuss the biological mechanisms through which STAT3 inhibition synergizes with or overcomes
resistance to immune checkpoint inhibitors and highlight the therapeutic strategy of using drugs that
target STAT3 as potential combination partners for immune checkpoint inhibitors in the management
of NSCLC patients.
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1. Introduction

Lung cancer is one of the most aggressive cancers and is responsible for the majority of
cancer deaths worldwide [1]. It is mainly divided into non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC), with NSCLC accounting for 85% of all lung cancer
cases. Although patients with a localized disease have a favorable prognosis, most patients
present at advanced stages when first diagnosed and have a poor prognosis [2].

Recent advances in molecular profiling technologies have deepened our understanding
of NSCLC’s biology. This knowledge translated into the development and introduction
of novel targeted therapies and immunotherapies that have dramatically changed the
management of patients with advanced NSCLC, leading to improved survival outcomes.
Nevertheless, the vast majority of advanced NSCLCs do not respond to or become resistant
to current treatments and eventually worsen. Thus, there is an urgent need to identify new
therapeutic targets that can be modulated in order to overcome resistance to or enhance the
efficacy of standard treatments. Potential strategies may involve the co-targeting of other
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immune checkpoints or the targeting of upregulated oncogenic signaling pathways that
induce an immunosuppressive tumor microenvironment.

Transcription factors (TFs) are vital proteins that orchestrate gene expression and are
located at the bottleneck of signaling pathways. All cancers exploit TFs by deregulating
them to promote their malignant characteristics, and NSCLC is no exception. STAT3 is an
important TF that is aberrantly activated in NSCLC and is associated with a poor clinical
prognosis [3]. STAT3 signaling is involved in multiple cancer cell hallmarks, including
proliferation, anti-apoptosis, angiogenesis, invasion and metastasis, immunosuppression,
and drug resistance [4].

Herein, we chose to focus on STAT3 because it is a key oncogenic TF involved in
antitumor immune response mechanisms, and research on STAT3 and NSCLC has revealed
that this TF participates in mechanisms of drug resistance to immune checkpoint inhibitors.
Dissecting these mechanisms and developing agents that target STAT3 may allow im-
mune checkpoint inhibitors to overcome drug resistance and achieve their full potential in
the clinic.

2. STAT3 Transcription Factor and STAT3 Signaling

The TF STAT3 is a member of the STAT family of proteins composed of seven proteins,
namely, STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6 [5]. Structurally,
STAT3 has a conserved N-terminal domain, a coiled-coil domain, a DNA-binding domain,
a linker domain, an SH2 domain used for dimerization and receptor binding, and a C-
terminal transactivation domain used for interaction with cofactors [5]. Several growth
factors, cytokines, and hormones are able to activate STAT3 when bound to cytokine
receptors, such as the interleukin 6 receptor (IL-6R) and interleukin 10 receptor (IL-10R),
and growth factor receptors, such as epidermal growth factor receptor (EGFR), insulin-
like growth factor receptor (IGFR), and fibroblast growth factor receptor (FGFR). Ligand
binding triggers receptor dimerization, recruitment of glycoprotein 130 (gp130), and Janus
kinases (JAKSs), which results in the phosphorylation and activation of JAKs [6]. In turn, the
activated JAKSs phosphorylate the tyrosine residues located at the cytoplasmic side of the
receptors, which allows for the STAT3-related SH2 domain to interact with them and lead
to the JAK-mediated phosphorylation of STAT3 [7]. STAT3 phosphorylation and activation
can also occur via receptor-independent tyrosine kinases, such as Abl and ¢-SRC [8]. When
phosphorylated, STAT3 forms homodimers which translocate from the cytoplasm to the
nucleus. Once inside the nucleus, activated STAT3 dimers interact with coactivators, such as
CREB-binding protein (CBP) and apurinic/apyrimidinic endonuclease-1 (APE), and bind to
specific DNA sequences upregulating the transcription of target genes [9,10]. Under normal
conditions, in order to tightly regulate the function of STAT3, normal cells use endogenous
inhibitors, including the protein inhibitor of activated STAT3 (PIAS), multiple protein
tyrosine phosphatases (PTPs), and the suppressor of cytokine signaling (SOCS) [11] (see
also figure and corresponding caption at https:/ /www.ncbi.nlm.nih.gov/pmc/articles/
PM(C3355894/figure/F1/ [12], accessed on 30 December 2022).

3. The Role of STAT3 in NSCLC

The tumor samples of most NSCLC patients display persistently activated STAT3,
and this upregulated expression correlates with an advanced clinical stage, metastasis to
lymph nodes, and drug resistance [13-18]. Constitutive activation of STAT3 in NSCLC
occurs via several mechanisms: (1) mutated receptor tyrosine kinases (e.g., EGFR) and
receptor-independent tyrosine kinases (e.g., SRC), (2) increased cytokine and growth factor
levels within the tumor that can activate STAT3, and (3) deregulation of the endogenous
STATS3 inhibitors, including PTPs, PIAS, and SOCS [18-22]. Studies have identified a
key oncogenic role for STAT3 in NSCLC: participating in the promotion of many cancer
hallmarks, such as immune suppression, cell survival, angiogenesis, drug resistance, and
cancer cell stemness [4].
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STAT3-Based Immunosuppression

The tumor microenvironment is an important aspect of cancer and acts in concert with
cancer cells to promote their malignant growth. In NSCLC, STAT3 activation within cancer
or immune cells (Table 1) favors an immunosuppressive tumor microenvironment and
supports an inflammatory state that promotes tumor growth. Here, we will focus on the
oncogenic effects of STAT3 when activated within immune cells.

Table 1. Cancer-related effects of activated STAT3 in immune cells.

Immune Cells Effects
Increases M2 polarization, PD-L1 expression, immune
Macrophages . . -
suppression, angiogenesis
MDSCs Promotes cell development, proliferation, upregulates PD-L1
expression, promotes immunosuppression
Dendritic cells Inhibits cell maturation, activation, antigen presentation
Neutrophils Defective chemotaxis e.md cytolyt1.c activity, decreased
cytokine production
Regulatory T-cells Cell expansion and differentiation, upregulates CTLA4 expression
Bocells Promotes cell proliferation and survival,
angiogenesis, immunosuppression
Natural killer and T-cells Inhibits cell proliferation, activation, chemotaxis, cytotoxicity

MDSCs, myeloid-derived suppressor cells; PD-L1, programmed cell death ligand 1; CTLA4, cytotoxic T-
lymphocyte associated protein 4.

When STATS3 is overexpressed in alveolar type II cells, severe pulmonary inflammation
takes place, which results in the spontaneous formation of lung adenocarcinoma in mice [23].
In a lung adenocarcinoma model induced by the carcinogen urethane, genetic ablation
of STAT3 from the lung epithelium led to an increased production of pro-inflammatory
cytokines and enhanced function of natural killer (NK) cells that substantially inhibited
urethane-induced lung carcinogenesis [24]. The silencing of STAT3 in a human cellular
model of NSCLC upregulated the production of pro-inflammatory chemokines and made
NSCLC cells more susceptible to the cytotoxic function of NK cells [24].

In the lung, when STAT3 is aberrantly activated within myeloid cells, it promotes
the development of cancer by recruiting the tumor microenvironment immune cells that
have immunosuppressive functions. In contrast, STAT3 deletion in myeloid cells re-
sults in the generation of NK and cytotoxic T-cells that respond effectively and hinder
tumor growth [25]. In macrophages, activated STAT3 increases M2 polarization, pro-
grammed cell death ligand 1 (PD-L1) expression, immune suppression, and angiogen-
esis [26-29]. In myeloid-derived suppressor cells (MDSCs), STAT3 activation promotes
their development and proliferation, upregulates PD-L1 expression, and results in immune
suppression [30,31]. In dendritic cells, activated STAT3 inhibits their maturation, activation,
and the presentation of antigens [32-34]. In neutrophils, the activation of STAT3 leads
to defective chemotaxis, decreased cytokine production, and cytolytic activity [35-37].
In regulatory T-cells, STAT3 activation promotes their expansion and differentiation and
upregulates the expression of the immune checkpoint molecule cytotoxic T-lymphocyte
associated protein 4 (CTLA4) [38—40]. Activation of STAT3 in B-cells promotes their prolif-
eration and survival, as well as angiogenesis and immunosuppression [41-45]. In NK and
T-cells, activated STAT3 inhibits their activation, proliferation, chemotaxis, and cytotoxic-
ity [24,46-49].

4. Immune Checkpoint Molecules and Their Targeting in NSCLC

The human immune system can locate, recognize, and eliminate cancer cells, a process
that is regulated by inhibitory and activating proteins. Cancer cells often use immune
checkpoint molecules, such as programmed cell death protein 1 (PD-1)/PD-L1 (CD274),
lymphocyte activation gene 3 (LAG3, CD223), CTLAA4, hepatitis A virus cellular receptor
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2 (HAVCR2, TIM3), and T-cell immunoreceptor with Ig and ITIM domains (TIGIT), to
suppress the immune system and continue their malignant growth [50,51]. This interaction
between cancer and immune cells can be reversed and blocked via the use of specific
antibodies that are called immune checkpoint inhibitors. PD-L1 protein levels have been
found to be upregulated in NSCLC patients, and nowadays, checkpoint inhibitors that
block the interaction between PD-1 and PD-L1 are routinely used in their clinical manage-
ment [52-55]. Despite the increased expression of immune checkpoint molecules, such as
PD-L1, in NSCLCs where the growth relies on mutated oncogenes (oncogene addicted),
therapy with only immune checkpoint inhibitors has not generated promising results due
to intrinsic or acquired resistance [56,57]. Intrinsic resistance can be due to genetic and
epigenetic alterations in cancer cells related to immune recognition, signaling pathways,
gene expression, and DNA damage responses, while extrinsic mechanisms involve the
interaction of cancer cells with stromal cells, immune cells, or even the microbiome. In
order to develop a therapeutic strategy based on immune checkpoint blockade that will
be more effective and durable for NSCLC patients, we must understand the regulatory
mechanisms of immune checkpoint molecules.

5. STAT3 and PD-L1 in NSCLC

At the transcriptional level, PD-L1 is controlled by a variety of TFs, including, among
others, STAT3, Myc, nuclear factor kappa-B (NF-«B), and hypoxia-inducible factor 1 subunit
alpha (HIF-1c) [58]. By directly binding to the promoter of PD-L1, the S STAT3 regulates
PD-L1 expression in a plethora of cancers, such as T-cell lymphoma [59], breast cancer [60],
nasopharyngeal carcinoma [61], osteosarcoma [62], and gastric cancer [63]. Several studies
have identified an association between STAT3 and PD-L1 in NSCLC (Table 2).

Table 2. STAT3-related mechanisms of PD-L1 regulation in NSCLC.

NSCLC Setting Mechanism of PD-L1 Upregulation
EGFR-mutant Activation of IL-6/JAK/STAT3 axis
ALK chromosomal rearrangements Activation of IL-6/JAK/STAT3 axis
KRAS-mutant Activation of RAS/MAPK/STATS3 axis
EGFR-mutant (gefitinib-resistant) Activation of AKT/STAT3 axis
Upregulation of genes and cytokines that
STK1l-mutant activate STAT3

EGEFR, epidermal growth factor receptor; ALK, anaplastic lymphoma kinase; STK11, serine/threonine kinase 11;
IL-6, interleukin 6; JAK, Janus kinase; MAPK, mitogen-activated protein kinase.

In the biological setting of NSCLC, mutated EGFR signaling phosphorylates and
activates STAT3, which in turn induces the upregulation of PD-L1 expression [64]. The
same mechanism occurs in NSCLCs that harbor ALK chromosomal rearrangements [65-67].
In NSCLC with mutated KRAS, STAT3 was found to participate in the regulation of PD-L1
expression, and the silencing of STAT3 led to reduced PD-L1 expression [68]. Moreover,
miR-3127-5p-mediated STAT3 activation upregulated the expression of PD-L1 and resulted
in the promotion of immune escape and resistance to chemotherapy [69]. In EGFR-mutant
NSCLC that is resistant to the tyrosine kinase inhibitor gefitinib, activation of STAT3 caused
the upregulation of PD-L1 expression while its inhibition led to the downregulation of
PD-L1. Interestingly, the use of niclosamide, an antihelmintic drug, when combined with
immune checkpoint inhibitors in vitro and in vivo led to the enhancement of the PD-L1
blockade, delaying tumor growth. This effect was shown to be brought about via blocking
the binding of STAT3 to the promoter of PD-L1 [70,71]. Another recent study found that
NSCLC patients with mutated serine/threonine kinase 11 (STK11) do not respond favorably
to the combined treatment with immune checkpoint inhibitors against PD-L1 (durvalumab)
and CTLA4 (tremelimumab). This resistance was attributed to the increased expression of
genes and cytokines that activate STAT3 signaling in lung tumors. Of note, in vivo data
showed that STAT3 knockdown reversed this resistance, implying that STAT3-targeting,
together with immune checkpoint inhibitors, is a viable pharmacological strategy that can
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overcome resistance to immunotherapy in NSCLC [72]. In addition to STAT3-mediated PD-
L1 upregulation in cancer cells, activated STAT3 also upregulates the expression of immune
checkpoint molecules on the cell surface of immune cells, including regulatory T-cells [39],
B-cells [73], CD4 [74], CD8 [75], and MDSCs [29]. It is evident from the above findings
that STAT3 plays an important role in immunosuppression by regulating the expression
of the immune checkpoint protein PD-L1 in both cancer and immune cells and may be a
promising therapeutic target that can be modulated in order to overcome resistance to and
enhance the efficacy of immune checkpoint inhibitors in NSCLC. As a proof of concept,
there are currently three clinical trials underway that are evaluating the combination of
STAT3 inhibition together with immune checkpoint inhibitors against PD-L1 (Table 3).

Table 3. Clinical trials combining STAT3-targeting agents with immune checkpoint inhibitors
in NSCLC.

Mechanism of

Action Drug Combination Status Phase NCT #
Eﬁi"ﬁs iﬁng %%53 ;fuo ;:S Active 1 NCT02983578
2§§;§ iﬁ;ﬁf %i?f;fnf:gi Recruiting 11 NCT03334617
[5)%;; iﬁﬁ;&f %i?f ;15110 rf:f Active I/ NCT03421353

NCT, National Clinical Trial.

In contrast to what was presented above, a downregulation in the expression of PD-L1
after STAT3 inhibition might not enhance but rather decrease the efficacy of immune check-
point inhibitors. A recent study in melanoma cases identified JAKI and JAK2 mutations
that were associated with acquired resistance to PD-L1 blockade with pembrolizumab [76].
In the setting of NSCLC, another study found JAK2-inactivating mutations that were corre-
lated with a downregulation in the expression of PD-L1 [77]. JAK2 mutations have been
found to be more common in lung adenocarcinomas among African American popula-
tions [78]; thus, it is essential to evaluate the effect of these mutations on the response to
immune checkpoint inhibitors. Based on these studies, it can be reasoned that the effect of
pharmacologically blocking STAT3 would resemble that of the JAK-inactivating mutations.

6. Concluding Remarks and Future Perspectives

NSCLC still remains a fatal disease, and most patients present with an advanced stage
that has a poor prognosis. Current therapeutic options, including immune checkpoint
inhibitors, have provided promising results; however, most patients relapse or do not
respond to treatment. There is an urgent need to discover novel targets that can assist in
overcoming drug resistance or enhance the efficacy of standard treatments. The tumor
microenvironment acts in concert with NSCLC cells to promote their malignancy, and
STAT3 signaling functions as a mediator of external signals emanating from nearby immune
cells or extracellular mechanical signals [79]. Upstream signals in cancer cells lead to
the activation of STAT3, which in turn induces the upregulation of the expression of
the immune checkpoint molecule PD-L1 in several cancer types (e.g., [80]), including
NSCLC. STATS3 signaling also influences the immune microenvironment by suppressing
the function of immune cells. Given the important role of the TF STAT3 in promoting
immunosuppression and resistance to immune checkpoint inhibitors, STAT3 represents a
potential target that can be modulated via different targeting strategies [81] and combined
with immunotherapies in cancer. By following this therapeutic strategy, the same immune
checkpoint pathway is being targeted at two different but vital nodes and thus leaves very
little room for cancer cells to develop resistance to this treatment combination. Similarly
to NSCLC, this drug combination appears to be working in settings of other cancer types
as well [82,83] and has led to the initiation of clinical trials [84]. In addition to immune
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checkpoint inhibitors, blockade of STAT3 signaling may also enhance the efficacy of other
types of immunotherapies. Should STAT3-targeting agents be combined with immune
checkpoint inhibitors for the management of NSCLC in the future, it is essential to know
which particular patients are more likely to respond to this therapeutic combination via
the use of suitable predictive biomarkers. Preclinical data suggest that activated STAT3, as
well as STAT3 mRNA expression, may be utilized as predictive biomarkers for immune
checkpoint inhibitors in oncogene-addicted NSCLC patients [85]. Along the same vein as
the subject of this review, gene ontology and clustering analysis using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) and BioLattice revealed that
triple-negative breast cancer (TNBC) patients with highly suspicious microcalcifications
on mammography are strongly associated with decreased immune system activity [86,87].
Notably, pyroptosis-mediated pattern clusters may be used to determine the risk score of a
breast tumor for individual patients, thus helping predict the prognosis and effectiveness
of combinatorial treatments employing immune checkpoint inhibitors [88]. On the other
hand, studies have suggested that histone deacetylase inhibitors (HDACi) could upregulate
PD-L1 expression in tumor cells and change the state of the anti-tumor immune responses
in vivo. To this end, it has been recently shown that FK228, a HDACi exhibiting anti-
tumor effects against several types of solid tumors [89], in combination with anti-PD-1
immunotherapy, provides a more suitable treatment for colon cancer [90]. It remains to be
seen whether co-targeting STAT3 and immune checkpoint molecules in NSCLC will prove
to be a successful therapeutic strategy.
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